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Introduction
In the past decade, the formation of polycyclic aromatic hydrocarbons (PAHs) and soot particles has become one of the central themes of research activities in the area of combustion and pyrolysis of hydrocarbon fuels. Numerous experimental, theoretical, and computational investigations are devoted to the study of physical and chemical properties of soot formation [1] [2] [3] [4] [5] [6] [7] [8] . However, modeling the complete soot formation process still remains a challenging task; in particular, mechanistic understanding and reliable description of the formation of small aromatic structures are of fundamental interest and are critical for meaningful soot modeling with the aim of reducing respective emissions from combustion processes.
The interest in this subject results mostly from environmental concerns with pollutant emission from combustion devices. Many airborne species of health concern are generated by combustion processes such as transportation, power generation, and waste incineration. In particular, some aromatics and PAHs are toxic and subject to environmental regulations. Epidemiologists have provided strong indication of an association of cancer and cardiovascular disease with atmospheric aerosols [9] [10] [11] .
Polycyclic aromatic hydrocarbons are associated with aerosol particles of different sizes [11, 12] , and evidence of mutagenic or tumorigenic effects of many of them has been identified [11, 13] . In addition to their direct healthhazardous effects, strong evidence for the key role of PAHs in the formation of soot has been accumulated in recent years [2, 3, 14, 15] . Fine particulates are responsible for heart and lung diseases [16, 17] and may contribute to global warming [18] .
Aromatics may be emitted in significant amounts by ground vehicles and airplanes resulting from the combustion of practical fuels such as kerosene; they may be important constituents of the fuel itself.
For example, gasoline consists of up to 32% aromatics [19] , and kerosene is a complex mixture of alkanes, mono-and polycyclic aromatics, and cycloalkanes or naphthenes [20] . The assembly of benzene as the first aromatic ring from its precursor molecules is commonly considered as the first step toward PAH formation and growth [2, [21] [22] [23] ].
The limited resources of fossil fuels such as oil and natural gas require new concepts, in particular for transportation fuels and for electric power generation. Over the past years, alternative and renewable energy resources have become increasingly important as they have contributed to reducing the dependency on fossil fuels and to decreasing CO2 and thus greenhouse gas emission, which contribute to climate change [24] . Low-quality feedstock such as biomass, in particular, has a large potential for power generation, for instance, in gas turbines via gasification process or in an IGCC (integrated gasification combined cycle) plant [25] [26] [27] [28] [29] .
Quite recently, the European Commission made proposals for a new energy policy for Europe [30] .
These included a renewable energy roadmap proposing (i) a binding 20% target for the overall share of renewable energy in 2020 as well as (ii) a binding 10% target for the share of biofuels in petrol and diesel in each member state in 2020, to be accompanied by the introduction of a sustainability scheme for biofuels. Concerning liquid transportation fuel, biomass provides the only renewable alternative; the two most common types of biofuels are ethanol and biodiesel [31, 32] . They can be blended with or directly substitute for gasoline and diesel, respectively. Currently, ethanol is widely used as a fuel additive or even as a fuel to cut down a vehicle's carbon monoxide and other smog-causing emissions, e.g., E10 (10% ethanol and 90% gasoline blend) and E85 (85% ethanol and 15% gasoline blend). The latter can be used as a substitute for gasoline in flexible-fuel vehicles that have been modified to use this biofuel and that run on mixtures of gasoline and up to 85% ethanol. Biodiesel can be used as an additive to reduce vehicle emissions (typically 20%) or in its pure form as a renewable alternative fuel for diesel engines. However, it should be remarked that soot derived from the combustion of soybeanoil-derived biodiesel fuel has been reported to be about five times more reactive than soot obtained from combustion of a Fischer-Tropsch (FT) diesel fuel [33] . Most reformulated gasoline components produced from biomass are pollution-reducing fuel additives, such as methyl tertiary butyl ether (MTBE)-which may come from isobutylene and biomethanol-and ethyl tertiary butyl ether (ETBE).
Since society is shifting to the burning of biomassbased fuels, the effect of oxygen-containing fuels on the byproducts of combustion is of increasing interest. From previous studies [34] [35] [36] [37] [38] [39] [40] [41] [42] , it is known that several alcohol and ether blends are able to suppress engine "knock" and to reduce the amount of polyaromatic hydrocarbons (PAHs) as well as soot formed during the process of combustion.
However, none of these studies focused on systematic investigation of a possible change of sootsuppressing into soot-promoting effects of oxygenated blends dependent on their concentration, especially for carbon-rich reaction mixtures, such as for shock tube pyrolysis of aromatic fuels.
Aromatic fuels desirable in gasoline to increase the octane number are known to soot more than aliphatic ones. In the present work, benzene was chosen as a representative aromatic fuel for the numerical investigation of various blend ratios of the oxygen-containing aliphatic fuels MTBE, methanol, and ethanol as well as of isobutene, which is formed by MTBE decomposition, in argondiluted mixtures in shock tubes. This study was encouraged by the results of Knorre et al. [43] , who found higher soot yields for several benzene-aliphatic mixtures than for the pure fuels in shock tube experiments. Thus, in the present study on shock tubes, similar behavior of mixtures of oxygenated fuels, isobutene and benzene is looked for, namely, a soot-suppressing effect of the additives methanol, ethanol, and MTBE that possibly changes into a soot-promoting effect in dependence on the blend ratios.
Modeling and experimental results
The reaction mechanism used for the modeling study contained 185 species and 718 reactions. The core of the reaction mechanism was gathered from the work of Böhm et al. [44] and was used previously for modeling species profiles and soot particles in laminar premixed flames and shock tube studies [4] [5] [6] [7] [8] . MTBE chemistry as proposed and validated by Böhm et al. [36] and by Curran et al. [45] was incorporated into the mechanism. Reactions for ethanol and isobutene (i-C 4 H 8 ) formation and consumption relied also on [45] . The rate coefficients for phenanthrene formation via benzyl recombination and 1,2-diphenylethane and stilbene formation followed the work of Colket and Seery [46] and the estimates of Hebgen [47] . The reactions modified or extended in comparison to [44] are given in Table 1 .
Computer simulations of the shock tube studies were performed with the SENKIN kinetic program of the CHEMKIN II package [51] . The program input includes forward reaction rates and thermodynamic polynomials for all of the participating species in addition to temperature, pressure, and concentrations of the reactants. For the soot model, the method of moments as described in [52] was used including improvements of the initial model, namely the use of detailed PAH chemistry instead of the lumping procedure for PAHs. Furthermore, all PAHs with more than 200 amu were allowed to coagulate [44] . Surface growth of acetylene and PAHs was taken into account. In addition, the sticking coefficient was calculated based on [21] , the particle coagulation was assumed to be pressuredependent, and OH radicals and O2 molecules were regarded as responsible for the oxidation of the soot particles [53] .
From the literature, three different shock tube experiments from two different groups were used for validation [35, 54] . The shock tube studies considered were first a methanol-benzene-argon mixture at a pressure of 0.25 MPa, with mole fractions of x(Ar) = 0.99378, x(C 6 H 6 ) = x(CH 3 OH) = 0.00311, and an ethanol-benzene-argon mixture at 0.22 MPa with x(Ar) = 0.99378, x(C 6 H 6 ) = x(C 2 H 5 OH) = 0.00311 as experimentally investigated by Frenklach et al. [35] within the temperature range between 1600 and 2400 K. To minimize the effect of varying temperature on the results, for the calculations the same initial temperature of T = 1721 K was chosen as for the following set of experiments, that is, as for the pyrolysis of benzene-argon mixtures [54] .
The influence of temperature on soot formation is given by the well-known bell-shaped behavior of soot leading to maximum soot yields at around 1800 to 1850 K for benzene pyrolysis (see, for example, in [43] ). A temperature of 1721 K, that is, roughly 100 K below maximum soot production, was chosen for the calculation, since our reaction model was verified successfully for this reaction condition several times (see, e.g., [44] ).
The pyrolysis behavior of these benzene-argon mixtures without (experimental data from [54] ) as described in [44] and with small amounts of aliphatics was calculated under initial conditions of 5.4
MPa and 1721 K. The aliphatics chosen were MTBE, methanol, ethanol, and isobutene. The last is an important decomposition product of MTBE. For details of the various mixture compositions, see Table   2 .
Results and discussion

Validation of the mechanism
To validate the reaction mechanism used for the predictions, calculations were performed and compared to experimental results previously obtained in the literature. Fig. 1 displays the profiles of the simulated soot volume fraction for methanol-benzene-argon pyrolysis and for ethanol-benzeneargon pyrolysis. For the experimental results, only one single point for each mixture is available from [35] . The calculations show an overprediction of the soot volume fraction for both mixtures at a reaction time of 1.0 ms by a factor approximately of 2.7.
A further validation of the modeling and the experimentally obtained soot volume profiles [44] is given in Fig. 2 for benzene-argon pyrolysis without any additive at 5.4 MPa and an initial temperature of 1721 K. It can be seen that the agreement between the simulations and the experiments is reasonable, concerning the absolute values as well as the shape of the curves. However, the calculations show a slight underprediction of the soot volume fractions, especially at short reaction times. Further checks of (parts of) the reaction model used here were carried out (see [4] [5] [6] [7] [8] ) and gave satisfactory agreement between experiments and calculations.
Soot formation in benzene-argon pyrolysis with blending compounds
After this satisfactory predictive capability check of the gas phase and soot chemistry used, the remainder of this investigation is focused on effects of varying additive concentrations on the soot volume fraction of benzene-argon pyrolysis. First, small blend ratios were chosen with 10% replacement of benzene by the additive MTBE, methanol, ethanol, or isobutene (Mix2). Isobutene was also chosen as an additive because of its important role during MTBE decomposition (as discussed below in more detail). The resulting calculated profiles of the soot volume fractions are depicted in Fig. 3 . From these calculations it is obvious that all additives investigated here do not suppress soot formation but promote it, especially at short reaction times. The efficiency of the promoting effect is given by the ranking MTBE > isobutene > ethanol ≈ methanol.
In exploring the other extreme, Fig. 4 displays the calculated soot volume fractions fv of aliphaticbenzene-argon pyrolysis for a replacement of 70% of benzene by oxygenated aliphatics or isobutene (Mix7). In this case, the soot volume fraction of the aliphatic-benzene-argon pyrolysis is decreased compared to that of the pure benzene-argon pyrolysis. The minimum reduction of soot is caused by methanol addition, followed by that of ethanol, MTBE, and isobutene. benzene-argon pyrolysis. In this reaction system, the soot yields for several acetylene-benzene-argon mixtures were reported to be higher than those for the pure fuels [43] . The interesting result is worth inspecting more closely, in particular with regard to selected species, namely H, H 2 , C 2 H 2 , and PAHs, which are known to play an important role during the soot formation process [55] . To examine whether these species reflect the same dependence on the blend ratio as the soot volume fraction, Figs.
6-8 are plotted.
The availability of radicals-in the pyrolysis systems investigated here, mainly the presence of H atoms-is postulated to be a rate-determining step during the growth of PAH and soot [21] by producing radicals via
whereas the resulting soot radicals can add acetylene molecules or PAHs from the gas phase leading to the process of soot mass growth. Therefore, in Fig. 6 , the ratios of the mole fraction of H to that of H 2 versus the percentage of benzene replaced by the additives MTBE, isobutene, methanol, and ethanol are displayed at the reaction time t of 2.0 ms. For all four curves, the ratio of the mole fraction of H to the one of H 2 exhibits a monotonic decrease as the amounts of additive is increased. In contrast, the soot volume fraction curves in Fig. 5 show a maximum as a function of the blend ratio and thus look totally different from those in Fig. 6 .
In Fig. 7 , the mole fraction x of acetylene, a species of relevance for soot mass growth, versus the percentage of benzene replaced by the additives MTBE, isobutene, ethanol, and methanol is plotted at the reaction time t of 2.0 ms. The highest acetylene fractions are predicted for MTBE, followed by those of isobutene, ethanol, and methanol. This is in accord with the soot volume fractions shown in Besides hydrogen and acetylene, the PAHs are proposed as important key species during the formation process of soot, especially concerning their leading role for soot precursor formation. Thus, as for hydrogen and acetylene, the dependence of the PAH concentration on the concentration of the blending compound is inspected in the following. For this, the sums of the mole fraction x of all aromatic hydrocarbons with a mass of more than 178 amu are plotted versus the percentage of replacement of benzene by the additives MTBE, isobutene, methanol, and ethanol at the reaction time t of 2.0 ms in Fig. 8 . The highest PAH mole fractions are found for MTBE; the lowest are those for methanol. The curves of the sum of mole fraction x of the PAHs decline monotonically as the concentration of the blends isobutene, methanol, and ethanol is increased, as to be expected. Only one PAH mole fraction curve, namely that for MTBE as an additive, peaks smoothly, at approximately 5% replacement of benzene, followed by a monotonic decrease. In comparing the curves in Fig. 5 , that is, the behavior of the soot volume fraction fv versus the blending compound concentration, and those in Fig. 8 , that is, the PAH mole fraction versus blending compound concentration, the following has to be stated: Neither the observed increase of the soot volume fraction fv nor the position of the maximum of the curves in Fig. 5 , is in accordance with the plots in Fig. 8 . Only the declining part of the curves of the soot volume fraction for the four additives is mirrored by the decreasing mole fractions of the PAH versus the percentage of replacement of benzene.
Since none of the species' concentrations considered so far, that is, neither the concentrations of H, H 2 , or acetylene, nor that of the PAHs, were able to correlate the observed change of a soot-promoting with a soot-suppressing effect of the oxygenated blending compounds studied, a better correlation is Finally, in comparing Fig. 7 and Fig. 8 , it can be seen that high concentrations of blending compounds favor the formation of acetylene at the cost of PAH formation, whereas MTBE and isobutene addition causes higher acetylene concentrations than ethanol or methanol blending. At the same time, the amount of the soot volume fraction fv displayed in Fig. 5 is reduced. Thus, at low ratios of PAH to acetylene concentration, fv seems to be most sensitive to the availability of PAHs, not to that of acetylene. Against that, at low concentrations of the blending compounds in benzene-argon pyrolysis, and thus at a high ratio of the PAH to acetylene concentration, fv seems to be promoted by an increase of the acetylene concentration. These results indicate that there is a specific acetylene-to-PAH concentration for each additive where the soot volume fraction fv production is greatest. At the same time, interestingly, the calculated soot volume fractions in the present study do not show a significant dependence on the H and/or the H 2 concentration.
Additional calculations carried out at T = 1821 K according to experimental conditions from [43] indicate that the observations made in the present work, namely the increase of soot volume fractions for benzene pyrolysis by small amounts of additive, hold at least for MTBE and isobutene. At the same time, the maximum soot volume produced is shifted to slightly smaller amounts of replacement of benzene, compared to the results obtained at T = 1721 K.
Reaction flow analysis
An integral reaction flow analysis was performed as a part of the calculations. As a result, it can be concluded that at high temperatures MTBE is consumed mainly (nearly 100%) by thermal decomposition in all mixtures via
By this decomposition, the major fractions of i-C 4 H 8 and CH 3 OH are formed. Isobutene (i-C 4 H 8 )
reacts mainly to the resonance-stabilized radical i-C 4 H 7 ,
followed by the formation of allene and CH 3 via
whereas C 3 H 4 consumption reactions lead to the formation of acetylene, which promotes soot formation. Thus, it becomes clear why in the present study MTBE and isobutene behave rather similarly concerning the soot formation process.
Important sinks for the CH 3 OH concentration are the two reactions
and
where (51) attains increasing influence with increasing initial methanol concentrations.
The major part of C 2 H 5 OH decomposes via two H-abstraction reactions:
In comparison to the H abstraction from the benzene molecule,
the rate coefficients for the H abstraction reactions of the oxygenated molecules and isobutene, that is, for reactions (2), (3), (16), (24), (25), (26) , and (51), are increased. Consequently, through the replacement of benzene by the additives, the initiation rates speed up, and the species concentration profiles and soot volume profiles show a steeper incline/decline at early reaction times than for the pure benzene/argon pyrolysis, as can be seen from Figs. 3 and 4.
Relevant formation pathways for aromatic hydrocarbons are discussed for phenanthrene as an example.
In all mixtures, such as for Mix7, shown in Fig. 10 , the addition of acetylene to biphenyl is an important formation route:
This is especially true for pure benzene-argon pyrolysis, where the rate of production for reaction (54) reaches the highest values. Additionally, combinative growth steps of side chains containing aromatic radicals such as that of phenyl with phenylacetylene and of C 8 H 5 isomers with benzene,
C 8 H 5 + C 6 H 6 →phenanthrene + H, (56, 57) contribute significantly to the formation of phenanthrene, especially in mixtures containing low concentrations of additives.
As is to be expected, higher concentrations of the blends in the mixtures cause a decrease of rates of production of the aromatic compounds such as phenanthrene. However, at the same time, an increasing influence of the phenanthrene formation steps via reactions of aromatic hydrocarbons containing CH 3 or CH 2 side chains becomes noticeable, as displayed in Fig. 10 . These reaction sequences (44)- (50) lead to 1,2-diphenylethane and furthermore by hydrogen abstraction to stilbene and finally phenanthrene. The growing importance of these formation channels results from increasing CH 3 concentration produced by the blending compounds MTBE, isobutene, methanol, and ethanol, as demonstrated by reactions (23) and (52) .
Against that, the formation of phenanthrene via cyclopentadienyl and indenyl,
is found to be of less importance in the reaction systems investigated here.
Main consumption channels of phenanthrene are the isomerization reaction to form anthracene, phenanthrene→anthracene,
and the H abstraction reaction,
Thus, in comparison to pure benzene-argon pyrolysis, by adding small amounts of blending components such as MTBE, isobutene, methanol, or ethanol, a higher concentration of aliphatics can be achieved, which are able to serve as side chains and/or "gapfilling species" for aromatic hydrocarbons. By these reaction pathways the latter can form highly condensed ring systems with enhanced stability.
Conclusions
The impact of oxygen-containing compounds and isobutene addition on the amount of PAHs and soot produced from benzene-argon mixtures was studied numerically. Higher concentrations of the blends in the mixtures cause an increasing influence of the formation steps to phenanthrene, a representative species for the PAHs, via aromatic hydrocarbons with side chains. Dependent on the amount of the blending compounds MTBE, isobutene, methanol, and ethanol added to benzene diluted in argon in a shock tube at high temperature and high pressure, soot-promoting as well as soot-suppressing effects were predicted. At a high ratio of PAH to acetylene concentration, the soot volume fraction was promoted by an increase of the acetylene concentration. In contrast, at a low ratio of phenanthrene to acetylene concentration, the amount of soot produced seemed to be most sensitive to the availability of PAHs, not to that of acetylene. The product of the mole fraction of acetylene and that of the PAHs reasonably reflected the change of soot-promoting into soot-suppressing effects of oxygenated blending compounds and isobutene. Furthermore, the calculated soot volume fractions were not very sensitive to changes of the H or the H 2 concentrations. Note. Rate coefficient k = A ×T n exp−(E act /RT ). 
